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ABSTRACT 

Hu 1-2 is a planetary nebula that contains an isolated knot located northwestern of the 
main nebula, which could be related to a collimated outflow. We present a subsarc- 
second Ha+[Nn] image and a high- resolution, long-slit spectrum of Hul-2 that allow 
us to identify the southeastern counterpart of the northwestern knot and to establish 
their high velocity (> 340 kms^ 1 ), collimated bipolar outflow nature. The detection 
of the northwestern knot in POSS red plates allows us to carry out a proper motion 
analysis by combining three POSS red plates and two narrow-band Ha+[Nn] CCD 
images, with a time baseline of ~ 57 yr. A proper motion of 20 ± 6masyr _1 along 
position angle 312° ± 15°, and a dynamical age of 1375±32oyr are obtained for the 
bipolar outflow. The measured proper motion and the spatio-kinematical properties 
of the bipolar outflow yield a lower limit of 2.7 kpc for the distance to Hu 1-2. 

Key words: planetary nebulae: individual: Hu 1-2 - ISM: jets and outflows - ISM: 
kinematics and dynamics 



1 INTRODUCTION 

Planetary nebulae (PNe) represent the final evolutionary 
stages of low- and intermediate-mass stars. They are formed 
when the envelope ejected during the previous Asymptotic 
Giant Branch phase is ionized by the hot central star. In 
the last years the presence of collimated bipolar outflows in 
PNe has been widely recognized. These outflows probably 
play a c rucial role in the shapi ng and dynamical evolution 
of PNe (|Sahai fc Traugerlll99ct ). Therefore, the knowledge 
of their dynamical properties is critical to understand how 
PNe form. The kinematics of the outflows has been studied 
by means of high-resolution spectroscopy that permits to 
obtain the radial component of the velocity (e.g., Miranda 
et al. 1999, 2001; Guerrero et al. 2000). The measurement 
of the tangential component, i.e., the proper motion of col- 
limated outflows, is restricted to a very few cases and it has 

* Based on observations made with the Nordic Optical Telescope 
(NOT) which is operated jointly by Denmark, Finland, Iceland, 
Norway, and Sweden on the island of La Palma in the Spanish 
Observatorio del Roque de los Muchachos of the Instituto de As- 
trofisica de Canarias (IAC). 

f E-mail: lfm@iaa.es (LFM); blanco@iaa.es (MB); mar@iaa.es 
(MAR); angles.riera@upc.edu (AR) 



been obtained mostly from HST observations (NGC 7009: 
Fernandez et al. 2004; He 2-90: Sahai et al. 2002; Hen 3- 
1475: Borkowski & Harrington 2001; Riera et al. 2003) or 
VLA radio continuum data (NGC 7009: Rodriguez & Gomez 
2007) with the noticeable exceptions of the works by Liller 
(1965) and Meaburn (1997) who used photographic mate- 
rial to measure proper motions of the collimated outflows 
in NGC 7009 and KjPn 8, respectively. The measurement of 
proper motions is important because it allows us to obtain 
the distances to the PN, if the expansion velocity of the 
outflows is known (e.g., Meaburn 1997), or the expansion 
velocity vector, if the distance is known (e.g., Fernandez et 
al.2007). Therefore, further measurements of proper motions 
of collimated outflows in PNe are highly desirable. 

Collimated outflows may exist in the PN Hu 1-2 
(PN G 086.5— 08.8) that has b een classified as elliptical with 
ansae (|Manchado et all 1 199rj ) . The kinematics of the inner 
nebular regions (~ 10") of Hu 1-2 was analyzed by Sabbadin 
et al. (1983, 1987). These authors identified a toroid and 
bipolar lobes but a reconstruction of the spatio-kinematical 
structure was not possible because of the peculiar velocity 
field. In addition, one single knot can be hinted in the images 
by Manchado et al. (1996) northwestwards and well out- 
side the main nebula, while a possible southeastern counter- 
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part is superimposed by a field star. Remarkably, the north- 
western knot can be identified in POSS red plates of the 
Digitized Sky Surveys. In this respect, Hu 1-2 constitutes 
a rare case (together with NGC 7009 and KjPn 8) because 
knots/collimated outflows in PNe usually are weak and/or 
located close to the much brighter main nebula, which do 
not favor their detection in POSS plates. Moreover, the Ha 
and [Nil] emission lines are by far the dominant emissions 
from knots/collimated outflows in PNe in the optical (e.g., 
Balick 1993, 1994), as it is the case of the northwestern knot 
of Hu 1-2. In consequence, the emission from the northwest- 
ern knot of Hu 1-2 detected in the POSS red plates can be 
attributed to these two emission lines. Therefore, Hu 1-2 of- 
fers an excellent opportunity to attempt a proper motion 
analysis of knots/collimated outflows in PNe by combining 
POSS red plates with modern Ha+[Nll] imagery. 

In this paper we present a new Ha+[N n] image of Hu 1- 
2 obtained under subarsecond conditions, and a high resolu- 
tion, long-slit spectrum that allow us to identify the south- 
eastern counterpart of the northwestern knot and to estab- 
lish that these two knots constitute a high velocity, colli- 
mated bipolar outflow. In addition, we carry out an analysis 
of five images obtained at different epochs, including three 
images from the POSS, to measure the proper motion of the 
northwestern knot and to constrain the distance to Hu 1-2. 



2 OBSERVATIONS 
2.1 Direct images 

The five images of Hu 1-2 analyzed in this paper are the 
following: 

• Epoch 1: 1951.51. Image from the POSSI-E, plate 
08HM, obtained on 1951 June 5 with the Palomar Schmidt 
telescope on a 103aE plate with a plexi filter. The expo- 
sure time was 50 minutes. It is digitized with a plate scale 
of 1'.' 70 pixel" 1 and its spatial resolution (FWHM of field 
stars) is ~ 3'.'5. 

• Epoch 2: 1953.68. Image from the POSSI-E, plate 089E, 
obtained on 1953 September 5 with the Palomar Schmidt 
telescope, on a 103aE plate with a plexi filter. The exposure 
time was 45 minutes. The plate scale is 1'.' 70 pixel -1 and its 
spatial resolution is ~ 3'.' 5. 

• Epoch 3: 1987.56. Image from the POSSII-F, plate 
A1I4, obtained on 1987 July 26 with the Oschin Smidth 
Telescope on a IIIaF plate with a RG610 filter. The expo- 
sure time was 75 minutes. The plate scale is l'.'Ol pixel -1 
and its spatial resolution is ~ 3'.'0. 

• Epoch 4: 1994.54. Image from the IAC Morphological 
Catalog of Northern Galactic PNe (Manchado et al. 1996) 
obtained on 1994 July 24 with the IAC80 telescope (Obser- 
vatorio del Teide, Tenerife), on a lk x lk CCD Thomson with 
an Ha+[Nn] filter (FWHM ~ 50 A). The exposure time was 
3600 seconds. The plate scale is / .'435 pixel -1 and its spatial 
resolution is ~ 2'.' 2. 

• Epoch 5: 2008.67. Ha and [N n] images obtained on 2004 
July with ALFOScQat the Nordic Optical Telescope (NOT, 



ALFOSC (Andalucia Faint Object Spectrograph and Camera) 
is provided by the Instituto de Astrofi'sica de Andalucia (IAA) 




Figure 1. Grey-scale reproduction of the 2008.67 Hce+[Nll] im- 
age of Hu 1-2. The grey levels are logarithmic. The NW and SE 
knots are indicated as well as a field star partially superimposed 
on the SE knot. The slit position used for high resolution spec- 
troscopy is drawn and labeled by its position angle (slit width 
not to scale). The arrow at the NW knot indicates the shift (10") 
and its direction (PA 312°) expected in 500 yr, according to the 
proper motion deduced for this knot (see text). North is up, east 
to the left, and the scale is indicated. 



Roque de los Muchachos, La Palma), on a 2kx2k EEV CCD. 
We use the IAC narrow-band Ha (FWHM ~ 8 A) and [N n] 
(FWHM ~ 9 A) filters. The exposure time was 900 s for each 
filter. The plate scale is 0'.' 19 pixel -1 and its spatial resolu- 
tion is 0'.'85. The individual Ha and [Nil] frames were co- 
added to produce the Ha+[Nll] image of epoch 5 shown in 
Figure 1. 

The images were registered with routines within the 
MIDAS package, using the 2008.67 image as reference, by 
means of 11 faint field stars that do not show noticeable 
proper motions in the ~ 57 yr time baseline. After the reg- 
istering process, the positions of the 11 fiducial stars (de- 
fined by their centroid) in the 2008.67 epoch are within < 
Cf.'l their positions in the 1951.51 and 1953.68 epochs and 
within < tf.'OG their positions in the 1987.56 and 1994.54 
epochs. The resulting intrinsical error in the proper motion 
between the different epochs (< ± 0.9 mas yr -1 ) is negligi- 
ble and does not affect the measurement of nebular proper 
motions. 



under a joint agreement with the University of Copenhagen and 
NOTSA. 
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Figure 2. Grey-scale position-velocity map of the [Nll]A6583 
emission line along PA 320° (see Fig. 1). Grey levels are logarith- 
mic. Emission features from the NW and SE knots are indicated. 
The origin (0,0) corresponds to the spatial and radial velocity 
centroid of the relatively bright emission features from the inner 
nebular regions. 



2.2 High resolution spectroscopy 

A high resolution long-slit spectrum of Hu 1-2 was obtained 
with IACUtfl at the Nordic Optical Telescope (NOT) on 
Roque de los Muchachos Observatory (La Palma) on 2004 
June. We used a lkxlk Thompson CCD and a narrow- 
band filter to isolate the Ha and [N n]AA6548,6583 emission 
lines. The slit (0'.'65 wide) was oriented at position angle 
(PA) 320° , the orientation of the knots of Hu 1-2 (see below) . 
The orientation of the slit is also shown in Fig. 1. Exposure 
time was 900 s. The spectral resolution (FWHM) is 8 kms^ 1 
and the seeing was ~ 1". The spectrum was reduced using 
standard procedures for long-slit spectroscopy within the 
IRAF package. Figure 2 presents a position- velocity map of 
the [Nn]A6583 emission line obtained from this spectrum. 



2 The IACUB uncrossed cchelle spectrograph was built in a col- 
laboration between the IAC and the Queen's University of Belfast 
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Figure 3. Intensity contour plots of the NW knot derived from 
the images of the 1951.51, 1987.56 and 2008.67 epochs after regis- 
tering. The contours are arbitrary and have been chosen to high- 
light the regions of the knot around the intensity peak. North is 
up, east to the left. 

3 RESULTS AND DISCUSSION 

The image in Fig. 1 shows Hu 1-2 consisting of an ellipti- 
cal/bipolar main shell of ~ 14"x24" in size and oriented 
at PA ~ 320°, and reveals several outer structures around 
the polar regions of the main shell (see Miranda et al. 2011 
for a description of the morphologi cal components in Hu 1 - 
2) . The northwestern knot hinted bv lManchado et alj (|l996l ) 
is clearly detected in the 2008.67 image. The southeastern 
counterpart is identified in this image for the first time owing 
its subarcsecond spatial resolution that permits to separate 
the knot from a very close field star. We will refer to them 
as the NW and SE knots. They present bow-shock-like mor- 
phology with a central emission peak and extended wings, 
are located at 27'.' 5 from the central star of Hu 1-2 (Heap et 
al. 1990: Miranda et al. 2011), and oriented at PA 320° that 
coincides with the orientation of the main nebular axis. The 
SE knot is brighter than the NW one. 

Emission features from the bipolar knots are detected 
in the long-slit spectrum (Fig. 2) with radial velocities of ± 
60kms _1 (NW knot blueshifted, SE knot redshifted). The 
inclination angle of the knots is unknown. From an analy- 
sis of high-resolution, long-slit Ha spectra at several PAs, 
Miranda et al. (2011) obtained an upper limit of 10° with 
respect to the plane of the sky for the inclination of the 
main nebular axis of Hu 1-2 (see also Miranda et al. 2012 
in preparation). If the knots moved along the main nebu- 
lar axis, as suggested by the coincidence of the orientations, 
their expansion velocity would be > 340 km s -1 . It should 
be noted that a more accurate value for the expansion ve- 
locity cannot be obtained mainly because of the very small 
inclination angle of the object (see below). In any case, these 
results conclusively demonstrate that the NW and SE knots 
constitute a high velocity, collimated bipolar outflow. More- 
over, the morphological and kinematical properties point out 
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Figure 4. Position of the centroid of the NW knot versus time, 
relative to the position in the 2008.67 epoch. Error bars are 3cr 
values. The dotted lines represent least-squares fits to the data. 



that the NW and SE knots represent the working surfaces 
of high- velocity bullets. We also note that the expansion ve- 
locity of these knots is high for collimated outflows in PNe 
(see Guerrero et al. 2002) and only in a few cases expansion 
velocities > 300 km s -1 are observed (e.g., Riera et al. 2003; 
Guerrero & Miranda 2011) 

Figure 3 shows intensity contour plots of the NW knot 
derived from the images of the 1951.51, 1987.56 and 2008.67 
epochs after registering. In spite of the different spatial reso- 
lution in the images, a preliminary inspection of Fig. 3 shows 
that the intensity peak of NW knot has shifted towards the 
northwest in the last ~ 57 years. This is corroborated by 
the 1953.68 and 1994.54 images (not shown in Fig. 3 for 
clarity). A quantitative measurement of the position of the 
NW knot (defined by its centroid) was obtained by fitting 
a two dimensional Gaussian line profile to the intensity dis- 
tribution of the knot in each epoch. Figure 4 presents the 
relative a and S positions of the NW knot as a function of 
time (epoch). Least-squares fits to the data in Fig. 4 yield 
a proper motion (fi) /i a = —15.5 ± 5.0 masyr -1 and fis = 
+13.1 ± 3.1 masyr -1 . By combining these values and their 
errors, we obtain a proper motion for the NW knot /i = 20 
± 6 masyr -1 along PA = 312° ± 15°. The direction of the 
proper motion vector agrees quite well with the orientation 
of the main nebular axis and bipolar knots, strengthening 
the idea that the collimated outflow move along that axis. 
Assuming ballistic ejection and origin at the central star, we 
obtain a dynamical age of 13751120 yr for the NW knot. 

A similar proper motion analysis cannot be carried 
out for the SE knot as it has been only detected in the 
2008.67 image. However, the spatio-kinematical properties 
(morphology, distance to the central star and radial veloc- 
ity) of the SE knot are virtually identical to these of the 
NW knot. Therefore, it can be inferred that other proper- 
ties (proper motion vector, origin, age) are also identical in 
both knots, too. 

From the expansion velocity of 340 km s -1 and the 
proper motion of 20 ±6 masyr - of the knots, we obtain 



a distance of 3.5±o:| kpc to Hu 1-2, with a lower limit of 
2.7 kpc giving the uncertainty in /i and that 340 km s -1 is a 
lower limit to the expansion velocity. As already mentioned, 
the very small inclination angle (from the sky) of the NW 
and SE knots represents a problem to obtain a more accurate 
value for the expansion velocity and, hence, for the distance. 
In Hu 1-2, the assumption that the NW and SE knots move 
along the main nebular axis is strongly supported by the co- 
incidence of their orientations and the direction of the proper 
motion. As for the inclination of the main nebular axis, Mi- 
randa et al. (2011) obtain an upper limit of 10° from the sky, 
being inclination angles of, say, 2°, 5° or 7° also compatible 
with the observed spatio-kinematical properties of the main 
shell. An uncertainty of a few degrees in the inclination angle 
is extremely critical in the determination of the expansion 
velocity for inclination angles < 10°. For instance, if the NW 
and SE knots move at 5° from the sky (only 5° less than the 
upper limit of 10°), their expansion velocity is 688 km s - 
and the lower limit for the distance results to be 5.6 kpc, a 
factor > 2 larger than the value deduced for an angle of 10°. 
Unless the expansion velocity (or inclination angle) of the 
NW and SE knots can be very much constrained by some 
method, the proper motion method will provide a lower limit 
for the distance only. 

It is interesting to compare the lower limit of 2.7 kpc 
with other distance estimates to Hu 1-2. Statistical distances 
range between 1.3 kpc (Amnuel et al. 1984) and 5.6 kpc 
(Cahn 1976; see also Acker et al. 1992, Phillips 2004, and 
Stanghellini & Haywood 2010). Pottasch (1983) and Sab- 
badin (1986) obtained an individual distance of 1.5-1.6 kpc 
by the extinction method. Hajian & Terzian (1996) set a 
lower limit of 1.2 kpc from the non detection of angular ex- 
pansion in VLA 6 cm radio continuum data at two epochs. 
The lower limit of 2.7 kpc rules out a large fraction of the 
statistical distances. For statistical distances > 2.7 kpc (e.g., 
Cahn 1976; Stanghellini & Haywood 2010) the uncertainty 
in the expansion velocity does not allow us to drawn firm 
conclusions from possible coincidences. In general, this re- 
sult points out that statistical distances based on assump- 
tions about nebular properties should be used with caution 
when analyzing individual PNe (see Frew 2008 and Tafoya 
et al. 2011). Furthermore, the extinction distance is also ex- 
cluded, most probably because Hu 1-2, at a galactic latitude 
of ~ —8? 8, is located outside the interstellar reddenig layer 
and the extinction method provides a too small distance (see 
Phillips 2006). 

As shown above, proper motions of collimated outflows 
in PNe, if detected in POSS red plates, can be obtained by 
comparing these plates with recent Ha+[Nll] CCD images. 
This is due to the very peculiar optical spectrum of colli- 
mated outflows in PNe, which is entirely dominated by Ha 
and [N n] emission lines and excludes a noticeable contribu- 
tion from other lines in the emission detected in the POSS 
red plates. As for now, collimated outflows in POSS red 
plates have been identify in NGC 7009, KjPN 8 and Hu 1-2 
(see above) but a careful inspection of these plates is desir- 
able to identify more cases and to attemp a measurement 
of their proper motion. These, in conjunction with spatio- 
kinematical models of the collimated outflows and/or neb- 
ular shell, may provide a powerful method to obtain (or 
to constrain) distances to PNe. This procedure is not re- 
stricted to collimated outflows only but can also be applied 
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to other high velocity features (knots, filaments) in PNe if 
their emission in the red spectral range is dominated by 
the Ha and [Nil] lines. In this respect it is worth noting 
that Meaburn et al. (2008) used an 1956 SAAO red plate 
and a 2007 Ha+[Nn] CCD image to successfully measure 
the proper motion of a large number of knots in the west- 
ern lobe of NGC 6302 and to obtain its distance. While a 
shortcoming of the POSS red plates is their low spatial res- 
olution (e.g., the case of the SE knot), clear advantages of 
these plates are the large time baseline (> 50 yr) and the 
possibility of using more than two epochs (including POSSI 
and POSSII) to determine the proper motions. 



4 CONCLUSIONS 

We have presented a subarsecond Hq+[Nii] image and a 
high resolution long-slit spectrum of Hu 1-2 covering its 
bipolar knots. In addition, we have analyzed five images of 
Hu 1-2 with a time baseline of ~ 57 yr, including three POSS 
red plates in which one of the bipolar knots can be identified, 
to measure its proper motion and to constrain the distance 
to the nebula. The main conclusions of this paper are: 

• The subarcsecond image allows us to identify the two 
bipolar knots of the pair, while in previous images only one 
of them is clearly detected. The knots present bow-shock- 
like morphology, are located at 27" 5 from the central star 
and oriented at PA 320° that coincides with the orientation 
of the main nebular axis. 

• The radial velocity of the knots is ± 60 kms^ 1 . If the 
knots moved along the main nebular axis (tilted < 10° with 
respect to the plane of the sky), their expansion velocity 
would be > 340kms _1 . Therefore, morphology and kine- 
matics demonstrate that these knots constitute a true high 
velocity, collimated bipolar outflow and, most probably, rep- 
resent bow-shocks associated to high velocity bullets. 

• A proper motion of 20 ± 6 masyr -1 along PA 312° 
± 15° is obtained for the bipolar knots. The corresponding 
dynamical age is 1375±32o yr. 

• A lower limit of 2.7 kpc for the distance to Hul-2 is 
required to make compatible the measured proper motion 
with the spatio-kinematical properties of the bipolar out- 
flow. This lower limit rules out a large fraction of the statis- 
tical distances and the extinction distance previously deter- 
mined for Hu 1-2. 
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